A better understanding of all immune components involved in protecting against Mycobacterium tuberculosis infection is urgently needed to inform strategies for novel immunotherapy and tuberculosis (TB) vaccine development. Although cellmediated immunity is critical, increasing evidence supports that antibodies also have a protective role against TB. Yet knowledge of protective antigens is limited. Analyzing sera from 97 US immigrants at various stages of M. tuberculosis infection, we showed protective in vitro and in vivo efficacy of polyclonal IgG against the M. tuberculosis capsular polysaccharide arabinomannan (AM). Using recently developed glycan arrays, we established that anti-AM IgG induced in natural infection is highly heterogeneous in its binding specificity and differs in both its reactivity to oligosaccharide motifs within AM and its functions in bacillus Calmette-Guérin vaccination and/or in controlled (latent) versus uncontrolled (TB) M. tuberculosis infection. We showed that anti-AM IgG from asymptomatic but not from diseased individuals was protective and provided data suggesting a potential role of IgG2 and specific AM oligosaccharides. Filling a gap in the current knowledge of protective antigens in humans, our data support the key role of the M. tuberculosis surface glycan AM and suggest the importance of targeting specific glycan epitopes within AM in antibody-mediated immunity against TB.
Introduction
Active tuberculosis (TB), the clinical manifestation of uncontrolled Mycobacterium tuberculosis (Mtb) infection, is now the leading cause of death from a single pathogen worldwide. A better understanding of all immune components involved in protection against TB is urgently needed to inform the development of novel immunotherapies and effective vaccines against TB (1) . Currently, an estimated 10 million new TB cases occur annually, with 1.6 million associated deaths (2) . As numbers of multiple-drug-resistant TB cases are rising, improving global control of this transmissible respiratory disease becomes even more critical (2) . With around 1.7 billion people, about 25% of the world's population, infected with Mtb, the reservoir of individuals at risk for developing TB is enormous (3) . Although the lifetime risk for disease development is around 5%-10%, most ostensibly immunocompetent Mtb-infected individuals can control their infection in the form of asymptomatic latent Mtb infection (LTBI) (2, 3) . However, the immune components involved in controlling or protecting against Mtb infection remain incompletely understood (reviewed in refs. 4, 5) .
Although cell-mediated immunity plays a pivotal role, the humoral immune response and other arms of the immune system also contribute to the protection against TB (reviewed in refs. [4] [5] [6] [7] [8] . The only currently available vaccine against TB, based on the attenuated Mycobacterium bovis bacillus Calmette-Guérin (BCG) strain, as well as newly developed vaccines, targets cell-mediated immunity. However, their efficacy in humans, despite recent improvements with novel vaccines and BCG revaccination, is not optimal (4, 9, 10) . Vaccines eliciting responses from both arms of adaptive immunity, cell-mediated and antibody-mediated (Ab-mediated), may work synergistically given their many interactions with the other immune arms. Evidence for this comes from our recent murine immunization studies showing that the induction of both is superior to either alone (11) . Because of the long-standing conviction that Mtb, a predominantly intracellular pathogen, is outside the reach of extracellularly located Abs, Ab functions against Mtb have been insufficiently studied. However, Abs can protect against intracellular pathogens, including Mtb, through mechanisms such as interactions with innate immune cells (reviewed in refs. 5, [12] [13] [14] . Recent studies provide compelling evidence for human Ab functions against Mtb (15) (16) (17) (18) (19) . Both in vitro (17) and in vivo (19) studies show that serum Abs from asymptomatic Mtb-exposed and/or -infected individuals, but not from TB patients, are protective. Because of the use of either total IgG or polyclonal IgG against mycobacterial multiantigen preparations, conclusions about specific protective antigens could not be made. These data highlight the need for investigations of human Abs specific to a single antigen.
Abs against capsular and other surface polysaccharides (PSs; also referred to as glycans) of extra-and intracellular pathogens A better understanding of all immune components involved in protecting against Mycobacterium tuberculosis infection is urgently needed to inform strategies for novel immunotherapy and tuberculosis (TB) vaccine development. Although cell-mediated immunity is critical, increasing evidence supports that antibodies also have a protective role against TB. Yet knowledge of protective antigens is limited. Analyzing sera from 97 US immigrants at various stages of M. tuberculosis infection, we showed protective in vitro and in vivo efficacy of polyclonal IgG against the M. tuberculosis capsular polysaccharide arabinomannan (AM). Using recently developed glycan arrays, we established that anti-AM IgG induced in natural infection is highly heterogeneous in its binding specificity and differs in both its reactivity to oligosaccharide motifs within AM and its functions in bacillus Calmette-Guérin vaccination and/or in controlled (latent) versus uncontrolled (TB) M. tuberculosis infection. We showed that anti-AM IgG from asymptomatic but not from diseased individuals was protective and provided data suggesting a potential role of IgG2 and specific AM oligosaccharides. Filling a gap in the current knowledge of protective antigens in humans, our data support the key role of the M. tuberculosis surface glycan AM and suggest the importance of targeting specific glycan epitopes within AM in antibody-mediated immunity against TB.
Capsular glycan recognition provides antibody-mediated immunity against tuberculosis tective efficacy in humans. Both BCG vaccination and Mtb infection in humans elicit serum Abs against AM and LAM (15, 16, 30, 35) . We recently showed that vaccination of Mtb-uninfected young adults (living in the United Kingdom) with the same BCG strain (Danish) elicits not only greatly variable anti-AM IgG titers, but also IgG highly heterogeneous in its binding specificity to AM OS motifs within the PS (16) . Although we and others have shown that serum IgG titers against AM and LAM are significantly associated with intracellular in vitro functions of innate immune cells against Mtb when coincubated with sera (15, 16) , our prior studies also suggest a role of specific AM OS motifs (16) . However, the data were based on associating functions against BCG with anti-AM IgG titer in BCG immune sera. To assess our hypothesized key role of AM and its epitopes in human Mtb infection, the main objectives of the current study were (a) to characterize the IgG responses to native Mtb capsular AM and synthetic AM OS motifs in a large cohort of HIV-negative individuals at various stages of Mtb infection; and (b) to determine the protective functions and efficacy of human anti-AM polyclonal IgG against Mtb in vitro and in vivo.
Results

IgG responses to AM at various stages of human Mtb infection vary
widely. Subject groups included mostly US immigrants from diverse TB-endemic regions who were HIV uninfected and either were asymptomatic or had symptomatic culture-confirmed active TB (Table 1) . Asymptomatic subjects were categorized by tuberculin skin test (TST) results into TST -(n = 36) and TST + (n = 38). A second diagnostic test, the whole-blood IFN-γ release assay (IGRA), was performed when the initial test (TST) was positive, and a subject was considered Mtb infected if both tests were positive (36) . Nevertheless, a TST + IGRAsubject could have still been infected if the risk of remote Mtb exposure was high, such as in immigrants from TB-endemic regions (36) . Therefore, rather than categorizing subjects into LTBI and non-LTBI, we classified TST + subjects as TST + IGRA -(n = 24) and TST + IGRA + (n = 14). Patients with TB (n = 23) had either localized pulmonary or disseminated culture-confirmed TB ( Table 1) .
Regardless of the stage of Mtb infection, serum IgG reactivity to native AM varied broadly in all groups (Figure 1 ). Patients with TB had significantly higher IgG reactivity to AM compared with asymptomatic subjects who were either TSTor TST + IGRA + (Figure 1A) . For IgG subclass responses, focusing on comparing the 2 groups TB versus TST + IGRA + , this included significantly higher anti-AM IgG1 and IgG3 titers but only a trend (P = 0.08) for higher IgG2 titers in the TB group (Figure 1 , B-D). Anti-AM IgG1 and IgG2 were the 2 major subclasses elevated in all groups, whereas IgG3 levels were lower and IgG4 was rarely detected (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI128459DS1). Interestingly, the anti-AM IgG2/IgG1 subclass ratio was significantly higher in TST + IGRA + subjects (median 1.3, IQR 0.8-2.1) compared with TB (median 0.6, IQR 0.3-1.2; P = 0.01). Among TB patients, those with localized pulmonary disease had a trend for higher anti-AM are known to be protective and are the immune correlates of some of our most successful vaccines (reviewed in refs. [20] [21] [22] . The capsule of Mtb is an important virulence factor and consists largely of proteins and PSs (23) (24) (25) (26) . The major Mtb capsular PSs are α-glucan (70%-80%) and arabinomannan (AM; 10%-20%). Our work is focused on capsular AM, which, when lipidated, is also a component of the outer membrane/cell wall as part of immunomodulatory lipoarabinomannan (LAM) (23) (24) (25) (26) . The arabinan domains of both AM and LAM are composed solely of d-arabinose residues in the 5-membered (furanose) ring form (Araf; ref. 26 ). Humans do not produce oligosaccharides (OSs) with furanose residues. Hence OSs containing Araf are highly immunogenic, and Abs that recognize AM and LAM typically do so through recognition of Araf residues (16, (27) (28) (29) . By contrast, α-glucan, the main mycobacterial capsular PS, is very similar in structure to glycogen and starch, both components of the human diet. This similarity might explain the low Ab responses to α-glucan found in our prior studies with Mtb-infected humans (30) . In contrast to murine mAbs recognizing α-glucan, passive murine transfer studies with some (but not all) mAbs against AM/LAM have shown moderate protective efficacy (31, 32) , and murine immunization studies with AM-containing glycoconjugates by us and others have shown moderate protection in Mtb-infected mice (11, 33, 34) . However, despite being a valid model, mice differ from humans in TB pathogenesis and their immune response to Mtb. Therefore, detailed explorations of the heterogeneous humoral immune response to Mtb in humans are warranted.
PSs are complex molecules that can include determinants eliciting protective, nonprotective, or even disease-enhancing Abs (reviewed in ref. 20) . Thus, elucidating the diversity of humoral immune responses to Mtb surface glycans is critical to determine the key glycan epitopes that could render pro- biologically independent samples from humans with or without Mtb infection, and then to show the key role of targeting AM in Ab-mediated immunity against TB, we first tested whether coincubation of heat-inactivated sera with moderate to high anti-AM IgG titers (OD > 0.4) enhanced Mtb phagocytosis by human macrophages. We focused on assessing macrophage functions in the presence and absence of antigen-specific IgG because these innate immune cells are the main host site for Mtb infection, persistence, and growth (37, 38) . In both Mtb infection groups (TST + IGRA + and TB), anti-AM IgG titers correlated significantly with Mtb phagocytosis by THP-1-derived human macrophages (P = 0.015 for TST + IGRA + and P = 0.001 for TB; Figure 3 , A and D). When analyzing subclass responses, we found that in the TB group both anti-AM IgG1 and IgG2 correlated significantly with Mtb phagocytosis; in the TST + IGRA + group this correlation was only seen for IgG2 ( Figure 3 , B, C, E, and F). However, no association was observed with anti-AM IgG in the Mtb-uninfected groups (r = 0.09, P = 0.77, among 14 TSTsubjects; and r = 0.37, P = 0.16, among 16 TST + IGRAsubjects). We therefore focused our functional evaluations on the 2 Mtb infection groups TST + IGRA + and TB. However, a few BCG-vaccinated TSTsubjects (2/36) and BCG-vaccinated TST + IGRAsubjects (2/24) had exceptionally high anti-AM IgG titer (OD > 2; Figure 1 ). One of the 2 TSTsubjects had sufficient serum quantity available and was therefore included in our mycobacterial growth inhibition assay. Because both of the IgG titers compared with those with disseminated disease (P = 0.07; Figure 2A ). Although the IgG1 titers between these 2 forms of disease were not significantly different ( Figure 2B ), anti-AM IgG2 titers were significantly higher in localized pulmonary compared with disseminated TB ( Figure 2C ).
Human polyclonal IgG has a high level of cross-reactivity to capsular AM from strains of the Mtb complex group. To further assess whether human polyclonal IgG reactivity to AM cross-reacted between Mtb strains or BCG, we isolated capsular AM from 3 Mtb laboratory strains (H37Rv, the avirulent H37Ra, and Erdman), a clinical strain (CDC1551), and a BCG vaccine strain (Pasteur). We observed high and significant correlations between reactivity to capsular AM isolated from H37Rv and reactivity to that isolated from the other strains, regardless of subject group with or without evidence of Mtb infection (r = 0.74-0.98, P < 0.01-0.0001; Supplemental Figure 2 ). These findings were consistent with equally strong correlations seen in our prior study comparing anti-AM IgG, derived from newly BCG-vaccinated adults, with capsular AM isolated from BCG (Pasteur) versus Mtb (H37Rv and H37Ra) (16) .
Anti-AM IgG has opsonophagocytic activity in controlled but not in uncontrolled Mtb infection. As previously shown by us and others, the increase in serum anti-AM IgG titer after BCG vaccination correlated significantly with enhanced BCG phagocytosis in human macrophages coincubated with the corresponding sera (15, 16) . To validate this association for Mtb with We further show IgG binding of all 4 high-titer sera to the surface of Mtb (grown without detergent to preserve the capsule) with remarkable reduction of such binding after anti-AM Ab depletion, thereby demonstrating that Mtb surface-binding serum IgG reacted strongly with capsular AM of whole bacteria ( Figure 4B ). Consistent with this finding is the observation that Mtb phagocytosis by human macrophages (derived from THP-1 cells) was proportionally reduced when the cells were coincubated with anti-AM Ab-depleted compared with nondepleted sera ( Figure 4C ). These data demonstrate that the opsonophagocytic activity was due to Abs against AM.
high-titer TST + IGRAsubjects were immigrants from India and had a history of potential Mtb exposure and sufficient serum available, they were included in all of our functional studies.
To show the causal role of anti-AM IgG in the enhancement of Mtb phagocytosis and other functions, we next depleted sera for anti-AM Abs and reevaluated their effects on human macrophages. Using initially the sera with the highest anti-AM IgG titers from 4 asymptomatic subjects (2 TST + IGRA + and 2 TST + IG-RA -), we first demonstrated that depletion of antigen-specific Abs via AM-coupled Dynabeads substantially reduced the IgG reactivity to Mtb capsular AM, measured by ELISA ( Figure 4A ).
Figure 2. Patients with disseminated TB have significantly lower IgG2 reactivity to Mtb capsular AM. Comparison of IgG (A) and IgG subclass (B and C)
responses to capsular AM (H37Rv) between TB patients with localized pulmonary (n = 12) and those with disseminated disease (n = 11). Sera were tested at 1:50 dilutions. Mann-Whitney U test. Lines and error bars represent medians with IQRs.
Figure 3. Significant correlation between Mtb phagocytosis and anti-AM IgG and subclass responses in subjects with Mtb infection.
Correlations of anti-AM IgG and subclass reactivity and Mtb (H37Ra; MOI 20) phagocytosis by THP-1-derived human macrophages incubated with heat-inactivated sera (10%) from asymptomatic TST + IGRA + subjects, n = 10 (A-C), and TB patients, n = 19 (D-F). Tested sera (1:50) had moderate to high anti-AM IgG titers (OD > 0.4 for TST + IGRA + subjects, and OD > 0.5 for TB patients). Representative data from 2 experiments. Spearman's rank correlation.
jci.org Volume 130 Number 4 April 2020 cytosis by THP-1 cells coincubated with sera depleted for Abs by this method was, although considerable in comparison with nondepleted sera, not quite as pronounced in all of the samples in comparison with sera depleted with AM-coupled Dynabeads (Figure 5B ). It is conceivable that the observed differences in phagocytosis between depletion with whole bacteria and depletion with AM-coupled beads could be due to either incomplete depletion of anti-AM IgG, or reduction of other anti-Mtb surface Abs that influence interactions between the Mtb surface and host cell surface receptors when depleting with whole bacteria. These hypotheses warrant further investigation with various anti-Mtb surface mAbs -experiments that were beyond the scope of the current studies.
To assure that our observed effects were not restricted to THP-1 cells, we validated the reduction in phagocytosis after depleting sera for Mtb surface-specific IgG with human PBMC-derived macrophages ( Figure 5C ). Although exploration of the involvement of specific Fcγ receptors (FcγRs) was not a primary objective of this study, we further assessed the reduction in Mtb phagocytosis when THP-1 cells were
We then performed antigen-specific Ab depletion studies on all sera with moderate to high anti-AM IgG titers from Mtb-infected subjects from whom we had sufficient sample available (10 TST + IGRA + and 13 TB sera). We assured a selective reduction of IgG reactivity to AM by demonstrating preservation of IgG reactivity to other Mtb surface or culture filtrate antigens such as the proteins GroEL2 and CFP10, respectively (Supplemental Figure 3 ). We then correlated the reduction of anti-AM IgG titer with functional changes in Mtb phagocytosis for the 2 phenotypically distinct groups with either controlled (TST + IGRA + ) or uncontrolled Mtb infection (TB). Reduction in the anti-AM IgG titer correlated significantly with reduction in Mtb phagocytosis only for sera from TST + IGRA + subjects (P = 0.003; Figure 4D ), not for sera from TB subjects (P = 0.29; Figure 4E ), thereby demonstrating distinct functions of anti-AM IgG derived from TST + IGRA + compared with TB subjects.
Although slightly less effective than using AM-coupled beads, we achieved a similar anti-AM IgG reduction by incubating sera with Mtb bacteria with an intact capsule (H37Rv grown without detergent; Figure 5A ). The corresponding reduction in Mtb phago- blocked with mAbs against FcγRs before and during coincubation with Mtb and sera from the 4 asymptomatic subjects with high anti-AM IgG titers (2 TST + IGRA + and 2 TST + IGRA -). We observed a significant reduction when blocking FcγRI, which was even more pronounced when we blocked FcγRII ( Figure 6 ). These data are consistent with other studies indicating that enhanced Mtb phagocytosis by human anti-Mtb Abs is FcγR mediated (17, 19) .
Mtb phagocytosis is associated with IgG reactivity to 5 AM OS motifs in TST + IGRA + subjects. The anti-AM IgG titers among subject groups were not only greatly variable, they were also tremendously heterogeneous in their binding specificity to AM OS motifs within the PS ( Figure 7A ). Interestingly, while the overall anti-AM IgG titers were significantly higher in the TB compared with the TST + IGRA + group (Figure 1 ), TST + IGRA + subjects recognized many AM OS motifs with the same intensity as TB subjects. Whereas there was no significant correlation for any of the 29 AM OSs in the TB group, Mtb phagocytosis was significantly associated with reactivity to 5 OSs (3, 7, 8, 9, and 49) in TST + IGRA + ( Figure 7B and Supplemental Table 1 ). In contrast to many other AM OS motifs included in our microarray (ref. 39 and Supplemental Table 1 ), these 5 AM OSs share a common motif of 4 Araf residues ( Figure 7C , green stars) attached in the same configuration, β-(1→2), α-(1→5), α-(1→5), and further functionalized with additional mannose (green circles), inositol phosphate, or 5-thiomethyl-xylose (orange stars) residues. Notably, AM OS motifs 3, 6, and 12, whose IgG rec- ognition correlated significantly with Ab functions in our prior studies with BCG immune sera, all have a similar core motif (ref. 16 and Figure 7C ). Anti-AM IgG from high-titer asymptomatic BCG-vaccinated and/or Mtb-exposed/infected subjects, but not TB patients, reduces Mtb intracellular growth. To study the effects of anti-AM Ab on mycobacterial intracellular growth, THP-1-derived macrophages were coincubated with high-titer sera in nondepleted and anti-AM Ab-depleted states. Because TST + IGRA + subjects had significantly lower anti-AM IgG responses than TB patients, we selected only those samples that had an anti-AM IgG titer reduction above 0.5 OD when depleted with AM-coupled beads. Of the 5 samples meeting this criterion ( Figure 4D ), we had sufficient remaining volume available for 4. We further included the few high-titer sera from the TST + IGRAgroup and the TSTgroup that met this criterion and for which we also had sufficient volume available for depletion and growth reduction experiments (n = 3). Because we observed substantial Mtb killing, irrespective of anti-AM Ab depletion, with sera obtained from TB patients already started for a few days on antituberculous treatment, we included only TB samples that were obtained before the treatment initiation (available for 5 pulmonary TB patients). Consistent with our observation of differences in anti-AM IgG-mediated Mtb phagocytosis between TST + IGRA + and TB, we found that intracellular Mtb growth rates were significantly lower in macrophages coincubated with nondepleted compared with anti-AM Ab-depleted sera from TST + IGRA + , TST + IGRA -, or TSTasymptomatic subjects with high anti-AM IgG titers ( Figure 8A ). By contrast, high-titer nondepleted compared with anti-AM Ab-depleted sera from TB patients (before antituberculous therapy) enhanced Mtb intracellular growth ( Figure 8B ). Sera depleted with control (BSA-coupled) beads had no effect on Mtb intracellular growth compared with nondepleted sera (Supplemental Figure 4) . When testing the nondepleted serum from the asymptomatic subject showing the highest inhibitory effects on Mtb intracellular growth, we found enhanced phagosome-lysosomal fusion in Mtb-infected macrophages ( Figure 8C ), consistent with results with BCG immune sera with high anti-AM IgG titers (16) . Table 1 ). Spearman's rank correlation. Red circles, TSTcontrol serum. (C) The 5 AM OSs recognized by TST + IGRA + sera and significantly associated with Mtb phagocytosis share a common motif of 4 Araf residues (green stars) attached in the same configuration, β-(1→2), α-(1→5), α-(1→5), and further functionalized with additional mannose (green circles), inositol phosphate, or xylose (orange stars) residues. IgG reactivity to AM OSs 3, 6, and 12 also correlated with BCG phagocytosis in our prior studies with BCG immune sera (16) . OS 3 recognition is significantly associated with phagocytosis with both TST + IGRA + and BCG sera, while significant association with the other 2 motifs (6 and 12) was only seen with BCG immune sera. Figure 9D ). Passive transfer from 1 patient with pulmonary TB, for whom we had sufficient serum volume for isolation of anti-AM-specific IgG available, did not show any protective efficacy in a separately performed experiment (Supplemental Figure 6 ). These in vivo data provide further evidence for the protective role of human anti-AM-specific IgG isolated from some BCG-vaccinated and/or Mtb-exposed/ infected asymptomatic subjects.
Discussion
Despite the increasing evidence for a role of Ab-mediated immunity against TB in humans, knowledge of the most relevant mycobacterial antigens and epitopes remains limited. Prior human and murine studies have supported targeting the mycobacterial surface PS AM (11, (31) (32) (33) (34) . However, human data were based on associations of anti-AM IgG titers with functions against BCG, and murine studies were limited in capturing the heterogeneity of Abs elicited with vaccination and during natural Mtb infection in humans. Here we show that in natural Mtb infection human IgG and subclass responses to Mtb capsular AM are not only highly variable but also tremendously heterogeneous in their reactivity to OS motifs within AM. In addition, we have compared the in vitro effects of sera with moderate to high anti-AM IgG titers to the Passive transfer of human anti-AM-specific polyclonal IgG from high-titer asymptomatic TST + IGRAand TST + IGRA + subjects shows protective efficacy in Mtb-infected mice. Of the serum samples with high anti-AM IgG titers for which we were able to show protective in vitro effects against Mtb (Figure 4 , A-C, and Figure 8A ), we had sufficient serum volume available from 4 asymptomatic subjects (2 TST + IGRA + and 2 TST + IGRA -) to isolate anti-AM polyclonal IgG. Notably, the 4 subjects had different levels of IgG subclass reactivity to AM. IgG1 and IgG2 were the predominant subclasses in 3 subjects, and 1 subject with TST + IGRA + (L2) had an almost exclusive anti-AM IgG2 reactivity ( Figure 9A ). We first ensured that the purified anti-AM-specific polyclonal IgG (a) had higher affinity to native AM compared with the corresponding total serum IgG at the same concentration (Supplemental Figure 5A ), (b) recognized AM OS compounds in a pattern similar to that seen with the anti-AM Ab-nondepleted serum (Supplemental Figure 5B) , and (c) bound to the surface of Mtb with an intact capsule ( Figure 9B ). Whereas all donors had IgG reactivity to a range of AM OS motifs, each donor reacted strongly with at least 2 of the 5 AM OS motifs associated with IgG functions in vitro. We then validated the in vitro function of the purified anti-AM IgG, showing enhanced Mtb phagocytosis by THP-1-derived macrophages when coincubated with 10 μg/mL to as low as 1 μg/mL of the subjects' anti-AM polyclonal IgG ( Figure 9C ).
To evaluate protective in vivo efficacy, mice (C57BL/6) were injected with 8 μg anti-AM IgG i.p. 1 day before and 4 μg i.p. 1 day after low-dose Mtb aerosol infection (~10 CFU Erdman; Figure  9D ). We used Mtb Erdman for in vivo experiments because this strain is more virulent and grows faster than H37Rv (40) . Because the i.p. administration of Ab in mice equilibrates between intravascular and other body compartments within 24 hours, and then slowly declines (41) , the Ab dose before and after infection was chosen to simulate the approximate calculated amount of anti-AM IgG in the high-titer human subjects. Human Abs are not detectable in mice after 7-10 days (19) . Therefore, and because purified polyclonal anti-AM IgG was only available in limited amounts, ratory strains and the capsule composition and its AM accessibility could differ between Mtb strains (33), we ensured that the reactivity of IgG from all groups correlated highly and significantly to capsular AM isolated from laboratory versus clinical Mtb strains. Several mechanisms could explain our observations. Capsular PSs aid bacteria, including Mtb, in invading host cells by inhibiting host defense mechanisms such as macrophage phagocytosis and intracellular killing (24, 43) . However, Mtb surface glycans, by interacting with macrophage surface receptors, can also mediate adhesion and internalization (23) . For example, LAM promotes adhesion to macrophages and uptake via interaction with mannose receptors (44) . This cell entry mechanism allows intracellular survival and replication of Mtb by limiting phagosome-lysosomal fusion, a mechanism that can be blocked by a murine mAb against LAM (44) . Furthermore, a key mechanism for Ab-mediated effects against intracellular pathogens, including BCG, is enhancement of lysosomal degradation of pathogens via FcγR signaling, a mechanism independent of FcγR-mediated phagocytosis (45) . It is thus conceivable that the protective effects of anti-AM IgG seen in our studies are based on both preventing host cell adhesion and Mtb macrophage uptake through mannose or other host receptors, and simultaneously promoting FcγR-mediated phagocytosis and intracellular growth inhibition via FcγR signaling.
Remarkably, depletion of anti-AM IgG from high-titer TB sera did not correlate with the reduction of Mtb phagocytosis. Moreover, Mtb intracellular growth in vitro was enhanced in the pres-effects of anti-AM Ab-depleted sera on opsonophagocytosis and intracellular Mtb growth. These studies reveal that the polyclonal anti-AM IgG derived from asymptomatic subjects (BCG vaccinated, Mtb exposed, and LTBI), in contrast to TB, has protective efficacy. In line with data from our work with human BCG immune sera (16) , we show that in controlled (but not uncontrolled) Mtb infection the opsonophagocytic activity correlated significantly with IgG reactivity to specific OS motifs within the PS. We further demonstrate that passive transfer of very low doses of purified polyclonal anti-AM IgG (12 μg), isolated from a few asymptomatic high-titer subjects with protective anti-AM in vitro functions, has protective in vivo efficacy against Mtb in the low-dose murine TB model. Interestingly, although limited to correlative in vitro data and protective in vivo data with passive transfer of anti-AM IgG from 1 asymptomatic TST + IGRA + subject with an almost exclusive anti-AM IgG2 response, our data also suggest a potential role of anti-AM IgG2. Although further studies are needed to determine both the relevance of specific anti-AM Ab features and other potentially protective Mtb antigens, our data demonstrate a key role of AM in Ab-meditated immunity against TB in humans and suggest the importance of targeting specific glycan epitopes.
The capsule of Mtb is a critical virulence factor and consists mainly of PS, of which AM is an important immunogenic component (23) (24) (25) 33) . We show that binding of human polyclonal IgG to Mtb with an intact capsule is considerably reduced when it is depleted of AM-specific Abs. Because we worked with Mtb labo- OS-specific AM epitopes. The significance of the structural similarities of AM motifs associated with IgG functions in humans is unknown at present. Our data indicate that Abs targeting the terminal motifs of AM could interfere differently in host-pathogen interactions compared with Abs targeting the inner motifs of capsular AM. These data could have important potential implications because the field of glycoconjugate vaccine development is moving to the use of OS-conjugate vaccines that have the advantage of both greater product consistency and induction of Abs against the most relevant glycan epitopes (20) (21) (22) . In addition to the antigen-binding variable region, Ab effector functions are influenced by the subclass and the glycosylation pattern in the IgG Fc region (reviewed in refs. 13, 14, 48) . Although some functions of human Ab isotypes against Mtb (e.g., IgA against heparin-binding hemagglutinin [HBHA]) have recently been established (18) , less is known about antigen-specific IgG subclass functions. In their whole-blood MGIA results, O'Shea et al. found a weak but significant correlation between IgG1 responses to ESAT-6/CFP10 and growth reduction of Mtb (46) . Lu et al. did not find differences in IgG subclass responses to PPD between LTBI and TB patients (17), whereas Li et al. found, despite no overall IgG3 differences, higher human IgG3 levels in mice after the first days of passive transfer with protective versus nonprotective IgG (19) . During natural bacterial infection in humans, PSs typically induce IgG2 responses, while IgG1 is readily induced by glycoconjugate vaccines (48) . Consistent with our prior data (16, 30) , we found high IgG1 and IgG2 but little IgG3 or IgG4 reactivity to AM in both BCG-vaccinated and Mtb-infected subjects regardless of Mtb infection stage. Interestingly, when we compared anti-AM IgG2/IgG1 subclass ratios, individuals with LTBI had a significantly higher ratio than TB patients. In a subgroup analysis comparing IgG and subclass responses to AM in patients with localized pulmonary versus disseminated TB, we further found that patients with disseminated TB had lower anti-AM IgG titers and that this difference was driven by significantly lower anti-AM IgG2 compared with IgG1. The lack of difference in anti-AM IgG1 responses between localized and disseminated TB suggests that the difference in anti-AM subclass reactivity is unlikely to be driven by immune complex formation. Our data are further in line with a study by Costello et al., who, although not investigating subclasses, found significantly lower anti-LAM IgG responses, independent of immune complex formation, in young children with disseminated compared with those with localized TB (49) . Findings from a recent study by Logan et al. support a potential role of IgG2 in Mtb infection (50) . Although not investigating antigen-specific responses, the authors found that BCG-vaccinated infants who remained Mtb uninfected in a highly TB-endemic region had significantly higher IgG2 responses to BCG than those who, over a 2-year follow-up, became Mtb infected. Although human IgG1 has favorable properties in Ab-mediated immunity, as it binds complement and all FcγRs (reviewed in refs. 13, 14, 48) , human IgG2 is generally believed to have decreased ability to activate complement and engages predominantly FcγRII (13, 14, 48) . However, IgG2 can be highly active in the presence of complement and at high epitope concentrations on target cells, such as PS antigens on encapsulated bacteria (51) . It is thus not surprising that children and adults with recurrent infections with encapsulated bac-ence of anti-AM IgG from TB patients. Because of the high serum volume required, we were able to isolate sufficient anti-AM IgG from only 1 high-titer pulmonary TB patient for evaluation in vivo, limiting both our ability to assess whether the macrophage growth data were a good in vitro correlate of in vivo effects and our ability to test the protective in vivo efficacy of TB patient-derived anti-AM IgG. Mice receiving, before and after Mtb infection, anti-AM IgG isolated from this TB patient had no significant difference in Mtb lung burden compared with control mice. Our findings of protective Abs in asymptomatic Mtb-exposed or -infected individuals are in line with results from 2 other recent studies (17, 19) . Although these studies did not investigate antigen-specific Abs, Lu et al. found human serum IgG against purified protein derivative (PPD) from LTBI but not TB patients to have protective Ab functions against Mtb in vitro (17), and Li et al. showed that passive transfer of total IgG from some asymptomatic Mtb-exposed or -infected health care workers (but not TB patients) has protective in vivo efficacy in Mtb-infected mice (19) . In contrast, investigating mycobacterial growth in an ex vivo mycobacterial growth inhibition assay (MGIA), O'Shea et al. found that whole blood from individuals with TB controlled BCG (Pasteur) growth better than that from individuals with LTBI. However, they did not observe a difference in control of growth of Mtb (H37Rv) (46) . Although Lu et al. found an association of the protective IgG in vitro functions with distinct glycosylation profiles in the IgG Fc region (17), Li et al. found a reversal of protective ex vivo effects in a whole-blood assay when preabsorbing IgG from protective donors against heatkilled Mtb but not soluble Mtb antigens (19) . Direct comparisons with our study results are limited because of the different experimental methods and the use of whole blood, total IgG, or IgG against PPD (which contains 100-200 varying denatured Mtb proteins and moderate amounts of LAM; ref. 47 ). Nevertheless, these findings in aggregate suggest that multiple components of the humoral immune response at different stages of Mtb infection play a role in the defense against Mtb.
Because of their important role in adhering to and invading host cells, pathogen surface glycans are targeted by various vaccines (reviewed in refs. [20] [21] [22] . However, PSs are complex molecules that include determinants that can elicit a functionally diverse spectrum of Abs, including protective, nonprotective, or even disease-enhancing Abs (20) (21) (22) . Using recently developed glycan arrays with synthetically generated fragments of AM OS motifs (39), we found that the anti-AM IgG response elicited in Mtb infection is highly heterogeneous in its reactivity to AM OS motifs within the PS. Congruent with our prior studies with BCG immune sera (16) , our current results suggest that the protective functions seen with BCG immune and TST + IGRA + sera are associated with IgG reactivity to certain AM glycan epitopes. These fragments all share a common motif of 4 Araf residues attached in the same configuration, and further functionalized with additional residues -mannose, inositol phosphate, or 5-thiomethyl-xylose. We further note that these motifs are all found at the terminal end of AM, and their structures differ considerably from inner motifs (26) . Although these data are correlative, they provide important information for the generation of OS-specific mAbs. Such mAbs would have defined binding specificities that would allow the detailed delineation of functions and mechanisms against jci.org Volume 130 Number 4 April 2020
5 AM OS motifs associated with IgG functions in vitro. These in vivo data support the protective role of human IgG targeting the Mtb capsular PS AM.
Although it is critically important to identify immune correlates against Mtb in humans, the polyclonal nature and heterogeneity of Ab responses to Mtb antigens in humans also led to several limitations in our study. Based on prior data by us and others, we focused on IgG against capsular AM. The exploration of other potentially protective Mtb antigens, which might even work synergistically with the targeting of AM glycan epitopes, was beyond the scope of this study. Furthermore, restricted IgG quantities limited analysis of specific Ab features and mechanisms. We further note that although macrophages are the main site for infection and survival (37) , Mtb is known to infect several mononuclear phagocytes in vitro and in vivo (57) . However, exploring Ab functions with other phagocytes, as well as assessing the potential interactions of human Abs with other immune cells such as T cells, was beyond the scope of the current study. Nevertheless, we note that cell-mediated and Ab-mediated immunity likely work synergistically given their many interactions, including those with innate immunity. Evidence for this comes from our recent murine immunization studies showing that the induction of both is superior to either alone in the protection against TB, as well as from other human studies indicating important interactions between both arms of adaptive immunity (11, 19, 46, 58) .
In conclusion, we demonstrate a key role of capsular AM in human Ab-mediated efficacy against Mtb. We show that anti-AM IgG derived from asymptomatic subjects (BCG vaccinated, Mtb exposed, and LTBI), in contrast to TB patients, has protective efficacy and is associated with reactivity to specific OS motifs within AM. Our data further suggest a role for anti-AM IgG2. We observed considerable heterogeneity in human anti-AM IgG titers, subclass responses, and reactivity to AM glycan epitopes at various stages of Mtb infection, suggesting the contribution of human anti-AM IgG to susceptibility versus protection against infection and TB development in humans. A better understanding of the relevance of subclass and AM glycan epitopes will now require larger validation studies and investigations with anti-AM mAb variants in various in vitro and animal models, including FcγR-humanized mice and nonhuman primates. Overall, our findings are of potential high significance because they suggest that, in addition to cellmediated responses, eliciting Abs against specific Mtb capsular glycan epitopes may increase vaccine efficacy against TB.
Methods
Subjects. Already collected samples from subjects enrolled in a cross-sectional TB immunodiagnostic study from in-and outpatient settings of 4 public hospitals in New York City from 2012 to 2016 were analyzed. Asymptomatic healthy volunteers without known risk factors for HIV infection were categorized by TST and whole-blood IGRA (QuantiFERON-TB Gold, Qiagen). In our institutions, TST is routinely performed, and, consistent with the American Thoracic Society/Infectious Diseases Society of America recommendations, in the absence of recent Mtb exposure history, a second diagnostic test (IGRA) was performed when the initial test (TST) was positive (36) . Although an asymptomatic subject was considered latently Mtb infected if both tests were positive, a TST + IGRAsubject could have still been infect-teria are frequently found to have IgG2 deficiency (52, 53) . Consistently, passive transfer of human IgG subclass mAbs with the same variable region against glucuronoxylomannan, a capsular PS of the facultative intracellular fungus Cryptococcus neoformans, showed that IgG2 but not IgG1 protected mice against infection (54) . We observed a strong correlation between anti-AM IgG2, but not IgG1, responses and Mtb phagocytosis in the asymptomatic TST + IGRA + group and the most pronounced reduction of phagocytosis when blocking FcγRII. Furthermore, although limited to one TST + IGRA + subject, we show protective in vitro and in vivo efficacy with an almost exclusive polyclonal anti-AM IgG2 sample. Although these data are limited and require further investigation, they nevertheless, collectively with data from other human studies, indicate that both isotype and IgG subclass could play distinct roles in TB, depending on the antigens/epitopes targeted. Further studies, ideally with mAbs consisting of the same variable but different Fc regions, are needed to better understand the functions of IgG subclasses in TB pathogenesis.
Although the involvement of specific FcγRs was not a primary focus of this study, we show that the enhanced Mtb phagocytosis seen with our high-anti-AM-titer asymptomatic subjects was FcγR mediated. In contrast to Lu et al., who found that the increased functionality of polyclonal LTBI IgG against PPD was associated with certain Fc glycosylation patterns and enhanced binding to FcγRIII (17), we observed the strongest reduction in Mtb phagocytosis when blocking FcγRII. Determining the anti-AM IgG Fc glycosylation, an important feature that can influence FcγR-mediated effects (13, 14, 48) , was not feasible in our study because of the limited quantity of anti-AM IgG. Furthermore, in order to not introduce another component of heterogeneity such as polymorphism of FcγR and other factors when working with PBMCs (reviewed in refs. 14, 38) , we performed experiments predominantly with THP-1 cell line-derived human macrophages. These express all FcγRs and are a valuable tool to determine phagocytic activity of clinical Ab samples (55) . However, they do not express all FcγRs in the same proportions as PBMC-derived macrophages (56) . Therefore, it was not feasible to determine whether the predominance of FcγRII-mediated phagocytosis was influenced by the higher expression of FcγRII and lower expression of FcγRIII on THP-1 compared with PBMC-derived macrophages (55, 56) , due to Fc glycosylation features or due to the high titers of anti-AM IgG2, which engages FcγRII. However, we are confident that our results are not restricted to THP-1 cells, because, consistent with our prior studies (16), we show similar Ab-mediated Mtb phagocytosis enhancement as well as reduction with anti-AM Ab-depleted sera between THP-1 and human PBMC-derived macrophages.
Systemic administration of a very low dose of AM-specific IgG, equivalent to levels found in our protective donors, to mice before low-dose aerosolized Mtb infection provided evidence for the protective in vivo efficacy of anti-AM IgG. We aimed to mimic the human natural infection dose as closely as possible (using ~10 CFU) while assuring that all mice were infected. The limited quantity in anti-AM IgG restricted our statistical power. Nevertheless, we were able to show that, compared with controls, mice treated with anti-AM IgG from 3 of 4 asymptomatic high-titer subjects had lower lung CFU. Whereas all donors had IgG reactivity to a range of AM OS motifs, each donor reacted strongly with at least 2 of the jci.org Volume 130 Number 4 April 2020 a squarate linker (27, 28, 39) . AM microarrays were processed as previously described (16) . Briefly, after blocking with 3% BSA/PBS, the arrays were incubated with diluted sera, a low-anti-AM-titer serum from a TST -, non-BCG-vaccinated US-born volunteer (negative control), the purified anti-AM IgG (5 μg/mL), and the murine mAb CS35 (5 μg/mL; positive control). Abs were detected by goat anti-human biotin-labeled IgG (Jackson ImmunoResearch Laboratories Inc.) or goat anti-mouse biotin-labeled IgG (SouthernBiotech), followed by a streptavidin probe tagged with SureLightP3 Cy5 (Cayman Chemical). The slides were scanned using the GenePix 4000 Microarray scanner system (Molecular Devices), and images analyzed by the image-processing software The Institute for Genomics Research Spotfinder (16, 60) . The MFI, representing AM epitope-specific Ab responses, was the measured median pixel intensity minus the background pixel intensity. Glycan array data were deposited in the NCBI Gene Expression Omnibus (GEO) database with accession number GSE141679. Phagocytosis assay. A phagocytosis assay was performed essentially as previously described (16) . Briefly, human THP-1 monocytic leukemia cells (ATCC) were cultured as recommended, differentiated into macrophages by phorbol 12-myristate 13-acetate, infected with FITC-conjugated Mtb H37Ra at an MOI of 20, and coincubated with 10% heat-inactivated sera for 3 hours. Note that we coincubated macrophages, sera, and Mtb to allow for the processing of multiple samples under the same conditions and have previously shown that this approach is comparable to preopsonizing mycobacteria before infection (16) . After washing of the cells and quenching of the fluorescence from the noninternalized membrane-bound FITC-labeled H37Ra with trypan blue, the Mtb phagocytosis was evaluated by flow cytometry. To validate our results, we further investigated phagocytosis rates in human monocyte-derived macrophages (MDMs) from a healthy BCG-vaccinated but TSTvolunteer. Plated into 48 wells at 1 × 10 6 per well, PBMCs were differentiated into MDMs by being cultured in 10 ng/mL macrophage colony-stimulating factor for 7 days, followed by infections with Mtb at MOI 10. For FcγR blocking experiments, 10 μg/ mL mouse anti-human CD64 (clone 10.1, BD Pharmingen), mouse anti-human CD32 (clone AT10, AbD Serotec), mouse anti-human CD16 (clone 3G8, BD Pharmingen), or a control mouse mAb IgG1 (clone MOPC-21, Thermo Fisher Scientific) was added to the cells before infection for 1 hour and during coincubation with heat-inactivated sera.
Mtb intracellular growth inhibition assay. THP-1 cells were plated and differentiated into macrophages (16) . The cells were infected with Mtb H37Rv (MOI 1) and coincubated with 10% heat-inactivated sera for 2 hours, followed by washing. To calculate the Mtb intracellular growth in relation to amount phagocytosed, cells were lysed first after 2 hours on day 1, and then on day 3. Bacteria were numerated by plating of serial dilutions in duplicates on agar plates. Colony-forming units (CFU) were counted after incubation at 37°C for 4-6 weeks, and the average CFU from triplicate wells calculated.
Assessment of phagosome-lysosomal fusion. Differentiated THP-1 cells were infected with Alexa Fluor 488-conjugated H37Rv at an MOI of 5 and coincubated with 10% heat-inactivated serum for 3 hours. To assess the amount of phagosome-lysosomal fusion, the cells were washed and probed with 100 nM LysoTracker Red DND-99 (Life Technologies) for 1 hour (16) . A range of 150-400 H37Rv phagosomes, on images taken by a Leica SP8 confocal microscope, were counted to quantify the percentage of phagosomes colocalizing with the LysoTracker. ed if the risk of remote Mtb exposure was high, such as in immigrants from TB-endemic regions (36) . We therefore categorized asymptomatic subjects into 3 groups: TST -, TST + IGRA -, and TST + IGRA + . Patients with TB were HIV uninfected, Mtb culture confirmed, and enrolled within 7 days of TB diagnosis. Based on symptoms and results from physical exams, radiographic imaging, and diagnostic work-up, TB patients were further categorized as having localized pulmonary or disseminated TB (defined as evidence for extrapulmonary TB and/or miliary TB on radiographic imaging).
Mtb strains. Mtb H37Ra, H37Rv, Erdman, CDC1551, and BCG (Pasteur) were grown in Middlebrook 7H9 medium supplemented with 10% (vol/vol) oleic albumin dextrose catalase (OADC) enrichment, 0.5% (vol/vol) glycerol, and with or without 0.05% tyloxapol or Tween-80. To generate AM, bacteria were subcultured into minimal media (11) . Since we found no differences between phagocytosis rates using the avirulent H37Ra or the virulent H37Rv Mtb strain, H37Ra, allowing for biosafety level 2 (BSL-2) conditions, was used for phagocytosis experiments. Because of differences between H37Ra and H37Rv in intracellular growth (59), we used H37Rv under BSL-3 conditions for growth inhibition assays and Erdman for murine infection.
Mycobacterial antigen. Capsular AM was isolated and purified from the Mtb strains as previously described (11) . Briefly, to preserve the capsule formation, mycobacteria were incubated in minimal media in the absence of the detergents (tyloxapol or Tween-80), and grown stationary at 37°C for 21 days in horizontally placed roller bottles. The cells were then harvested, treated with glass beads, resuspended, and centrifuged. The collected supernatants were filtered through 0.22 μm, and the capsular antigen extracts isolated and purified by column chromatography and then lyophilized. Regarding our control antigens, we expressed the mycobacterial surface protein GroEL2 as recombinant histidine-tagged protein in Mycobacterium smegmatis, and purified it using Ni-NTA agarose (Qiagen). The recombinant culture filtrate protein CFP10, expressed in E. coli, was purchased from the Biodefense and Emerging Infections Research Resources Repository (BEI Resources; NR-14869).
ELISAs. ELISAs were performed as previously described (30) . Briefly, wells of 96-well microtiter plates (Maxisorp for AM, Immulon 2HB for proteins, Fisher Scientific) were coated with AM at 10 μg/ mL or Mtb proteins at 4 μg/mL (50 μL/well). Serum samples (1:50 or 1:100 dilution) were added in duplicates to the antigen-coated wells, and the bound Abs detected with protein G-alkaline phosphatase (AP) (1:2500; EMD Millipore) or goat anti-human IgG-AP for IgG detection (1:4000; SouthernBiotech), followed by p-nitrophenyl phosphate substrate. Secondary Abs for IgG subclass detection were 1:1000 diluted mouse anti-human IgG1-AP (clone 4E3), IgG2-AP (clone HP6002), IgG3-AP (clone HP6050), and IgG4-AP (clone HP6025; SouthernBiotech). The optical densities (ODs) were measured at 405 nm. Negative controls were processed in duplicates as described above, except for the addition of serum. The murine anti-AM mAb CS35 (BEI Resources; NR-13811), anti-GroEL2 mAb IT13 (BEI Resources; NR-13825), and rabbit polyclonal anti-CFP10 (BEI Resources; NR-13801) were used as positive controls and detected with AP-conjugated goat anti-mouse IgG or goat anti-rabbit IgG (SouthernBiotech), respectively.
AM microarrays. A panel of 29 AM fragments (corresponding to motifs at the nonreducing terminus of the molecule) that have previously been shown to be recognized by anti-AM/LAM Abs and 1 fragment of α-glucan (as control) were synthesized, and coupled to BSA via jci.org Volume 130 Number 4 April 2020
to result in a comparable serum level in the mice after tissue distribution. Control mice received an irrelevant human mAb IgG1 (to a flavivirus) or NS at the same dose and/or volume. For the passive transfer experiment with anti-AM IgG from a TB patient, an additional injection of 4 μg Ab i.p. was given 1 week after infection. Using a whole-body exposure aerosol chamber (Mechanical Engineering Workshop) custom-fitted to a class III biosafety cabinet (Baker), mice were infected aerogenically with approximately 10-20 CFU of Mtb (Erdman). During necropsy, the lungs were aseptically removed, homogenized in PBS, serially diluted, and plated on Middlebrook 7H10 agar. The CFUs were counted after 4 and 6 weeks of incubation at 37°C. Statistics. Statistical analysis was performed using Prism software version 7 (GraphPad) and Stata software version 15/IC (StataCorp). For ordinal data, we used Pearson χ 2 or, when indicated, the Fisher exact test. Depending on data distribution, we used nonparametric tests (Kruskal-Wallis for unpaired and Friedman test for paired overall group comparison, Mann-Whitney U test for 2-group comparison, and Wilcoxon matched-pairs signed-rank test for data comparison within the same group) or parametric tests (1-way ANO-VA for overall group differences and t tests for 2-group comparison, with Welch's correction if variances were unequal). Given the very limited number of a priori hypotheses being tested and the exploratory nature of this study, our main goal was to present the data, along with summaries and P values for prespecified contrasts of interest, with no adjustment for multiple comparisons. Associations were assessed by Spearman's rank correlation. A 2-tailed α less than 0.05 was considered statistically significant.
Study approval. The study was approved by the institutional review board of the Albert Einstein College of Medicine. All human subjects gave written informed consent before enrollment. The animal studies were approved by the Institutional Animal Care and Use Committee at the Albert Einstein College of Medicine.
